Numerous yeasts produce toxic compounds to fight the competitors. Such compounds include small molecules (like antibiotics), antibiotic peptides, and also larger proteins, including killer toxins. Their ability to affect the cell depends on the host factors modulating the killing activity. Here we describe a robotics-based method to advance the genome-wide screening for the host factors affecting sensitivity of budding yeast to the killer toxins using the K2 system as the model. We demonstrate that arraying the mutant library on the agar plates containing the K2 killer toxinproducing strain and/or purified toxin ("survival" assay) increases the sensitivity and speed of the screen and decreases the costs compared to the traditional "killer" assay. We show the applicability of a new screening method of searching for the host factors using a killer strain isolated from agricultural plant environment. In addition, the "survival" assay allows identification of previously undetected factors that could be the "missing links" in the pathways of toxininduced cellular responses.
INTRODUCTION
A large variety of yeast secrete different classes of compounds aimed at preventing the growth of the competitors (Meinhardt, Klassen, 2009 ). These compounds include small molecules, antibiotic peptides, and even proteins. Killer toxins are the fungicidal proteins produced by different genera like Williopsis, Pichia, Kluyveromyces, and Saccharomyces. Nowadays, a particular interest in yeast killer strains and corresponding secreted toxins has emerged. Both of those have found application in industry (food protection from spoiling, wine production), agriculture (phytopathogen control), or medicine (creation of new generation vaccines and antibiotics, development of antifungal immunotherapies) (Goretti et Performing the experiments with the W. saturnus, K. lactis, and P. anomala toxins, colonies from the S. cerevisiae libraries were manually arrayed on the agar plates, and the growth of mutants was further tested either in solid or liquid media (Conti et al., 2008; Huang et al., 2008; Miyamoto et al., 2011) . In the case of K1 and K28 toxins, a different approach was used. Here each mutant strain was incorporated into a separate agar plate and the resistance to the toxins was scored by spotting on top the purified toxin or the toxin-producing strain with subsequent measuring of the inhibition zones ("killer" assay) (Pagé et al., 2003; Carroll et al., 2009) .
In this work we combined two above-mentioned methods and developed both fast and reliable assay to screen for the S. cerevisiae mutants with altered sensitivity to K2 killer toxin. Furthermore, we demonstrated the sensitivity of the robotic system, which allowed us to identify additional mutants missed in the traditional "killer" assay. In addition, the applicability of the "survival" assay for searching for the host factors was demonstrated using S. cerevisiae killer toxin Kz isolated from the agricultural plant environment. (Gulbiniene et al., 2004) . A similar strategy was used for screening of S. cerevisiae Kz toxin-producing strain isolated from the agricultural environment.
MATERIALS AND METHODS

Robot
In parallel, liquid YPD-grown cells were transferred onto MB-agar plates containing either 300 U or 600 U (as determined in Gulbiniene et al., 2004) of partially purified K2 toxin (Lebionka et al., 2002) . All plates were incubated for two days (42-48 h) at 25 °C. The size and the colour of the colonies grown on the agar supplemented with M437 cells were evaluated visually, and pictures were taken using a PowerShot SX220 HS digital camera (Canon, Tokyo, Japan). The respective blue (corresponding to increased sensitivity to K2 toxin) and white (increased resistance) colonies, differing in colour from their neighbours and those in the control plate (no toxin), were selected as candidates for altered sensitivity to K2 toxin. The pictures of colonies grown on the agar plates containing purified K2 toxin were taken using either a Genosmart transilluminator (VWR International) or a Pathway™ 435 automated microscope (BD Biosciences, USA). Reduced in size or non-growing on the MB-agar with 300 U of K2 toxin colonies were selected as hypersensitive mutants, while the colonies growing at 600 U of toxin (no growth for wild-type control) were selected as the resistant strains.
Verification of the phenotypes of the selected mutants ("killer" assay)
About 2 × 10 6 cells of respective strain, selected using the "survival" assay, were grown overnight in liquid YPD, mixed with 10 mL of melted and pre-cooled to 45 °C MB-agar, and then poured into a standard 50-mm-diameter plastic Petri dish. Afterwards the inhibition zones were established either by (1) patching on the top of the agar the K2 toxin-producing strain M437, (2) deposing 5 µL (0.5 U) of purified K2 toxin, or (3) filling the 10-mm-wide cut into the agar wells with 100 µL (10 U) of K2 ("well" assay). The plates were incubated for two days at 25 °C, and non-growth zones of mutants were established. Identical approaches of the "killer" assay were used for the verification of deletion mutants detected in the "survival" assay and involved in resistance formation to Kz toxin. The summary of the screening procedure in both "killer" and "survival" assays is represented in Fig. 1 .
RESULTS AND DISCUSSION
Screening procedure Dominating in the vineyard-winery ecosystems, S. cerevisiae K2 killer yeasts produce toxin that is lethal to sensitive or other type of the killer toxins producing yeast strains (Gulbiniene et al., 2004). The ability to kill or to protect from the toxic action depends on the general features of the toxin and is influenced by the cellular self-defence mechanisms (Meinhardt, Klassen, 2009).
In order to identify encoded factors of budding yeast that mediate sensitivity to K2 toxin, we first established the "survival" assay using Fig. 1 . YPD+G418. The cells were transferred either onto YPD-agar or into YPD liquid and grown overnight. Then the cells from YPD-agar were replicated onto the MB-agar, seeded with an overlay of the K2 toxin producing strain M437; liquid YPD pre-grown cells were transferred onto the MB-agar containing the K2 toxin. Respective resistant and sensitive mutants were selected. Verification of candidates was performed using the "killer" assay by deposing either purified K2 toxin into the agar-cut wells, or spotting either the toxin or K2 toxin-producing strain on top of the agar the RoToR pinning robot (Singer Instruments, Roadwater, UK), and then performed the "killer" assay to verify the candidate strains. Figure 2 depicts the principal scheme of the selection procedure, from the robotic screen of the yeast libraries to the verification of candidates and, finally, obtaining the hits.
Selection of the factors affecting K2 toxin resistance
The respective blue (corresponding to increased sensitivity to K2 toxin) and white (increased resistance) colonies, differing in colour from their neighbours and those in the control plate (no toxin) (Fig. 3A) were selected as candidates for altered sensitivity to K2 toxin. Reduced in size or non-growing on MB-agar with 300 U of K2 toxin colonies (compared with the control plate) were selected as hypersensitive mutants (Fig. 3B) , while colonies, growing at 600 U of toxin (no growth for wild-type control) were selected as the resistant strains (Fig. 3C ). Using such a "survival" assay with the K2 killer producing strain, we found 311 strains demonstrating marked (big white colonies) resistance and 52 strains demonstrating weak (small whitish colonies) resistance. 
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At the same time, 209 mutants exhibited marked (deep blue colonies), and 74 ones weak (blue colonies) hypersensitivity. When K2 toxin was used in a similar assay, 232 strains with marked (big colonies), and 61 strains with weak (small colonies) resistant phenotype were selected. Also, we discovered 287 strains with marked (traces of/no colonies) and 38 ones with weak (smaller than the wild-type colonies) hypersensitive phenotypes. These data are summarized in the "survival" assay part of Fig. 4 . Some of the mutant strains show phenotypic differences from wt cells when K2 producing strain but not K2 toxin was used, and vice versa. For some other mutants such phenotypes were observed in both cases. In total, about 850 strains demonstrating reliable growth rate/colour differences from the parental strain in at least one of two approaches of the initial screening procedure were further tested using the "killer" assay.
Verification of K2 killer phenotypes using the "killer" assay
Verification and quantitative evaluation of K2 killer resistance phenotypes of the candidates selected from the "survival" assay was performed using 3 approaches ("killer" assays). Figure 3C shows the examples of the extremely sensitive and resistant mutants and corresponding wildtype control. Using this method, a list of 332 mutants, phenotypically different from the wild type strain BY4741, was established. About twothirds of the selected mutants demonstrated either marked K2 resistance (<2 mm radius of non-growth zones in the "well" assay) or sensitivity (>3.5 mm radius of non-growth zones). The remaining one-third of the mutants showed weak resistance (2-2.5 mm of non-growth zones) or sensitivity (3-3.5 mm of non-growth zones), whereas the wild type strain demonstrated nongrowth zones of about 2.5-3 mm. These data are summarized in the "killer" assay part of Fig. 4 . The list and analysis of the aforesaid 332 mutants has been published (Servienė et al., 2012) . Surprisingly, some 520 of 850 candidates discovered in the "survival" assay were missing in the "killer" assay. This phenomenon can be attributed to the use of robotics resulting in higher sensitivity, and the variation in the growth rates of different mutants. 
Advantages of the use of the pinning robot
Here we demonstrate the advantages of the use of the pinning robot for the selection of mutants with altered sensitivity to the K2 killer toxin. In comparison to the K1 and K28 killer toxin genome-wide screens where only the "killer" assays were used, fast and sensitive "survival" assay-based screen using either K2 toxin producing strain or the purified K2 toxin was first performed. We see several advantages of this method compared to traditional inhibition zone approach. First, it reduces the initial number of the candidates to be verified by the traditional "lysis zone" method about 5.5x (approx. 850 strains instead of 4750), thereby replacing tedious handwork and reducing the cost of the growth medium used as well as increasing reproducibility of the colony arraying. Secondly, the use of both the K2-toxin producing strain and the purified K2 toxin in parallel increases the sensitivity of screening and allows selection of the candidates possessing even a weak phenotype. We found that 85% of mutants demonstrating a strong phenotype, confirmed by the "killer" assay, could be picked using only a K2 toxin-based "survival" assay (Servienė et al., 2012) . This demonstrates that in the majority of cases, such strategy of screening could be used for the selection of marked candidates. In contrary, for the detection of weak phenotype possessing candidates, both "survival" assay approaches should be used. Seventy-five percent of weak mutants confirmed by the "killer" assay demonstrated more pronounced phenotype in the K2-producing strainbased "survival" assay than the one using the K2 toxin (Servienė et al., 2012) . The former assay is especially useful for testing of slowly growing mutants with altered physiology because of mild conditions achieved by slow but continuous action of the toxin produced by the killer cells. In addition, we demonstrated potential of survival assay-based screen for searching of host factors modulating sensitivity to S. cerevisiae killer toxin Kz isolated from agricultural plant environment. When such killer toxin producing strain was used as a selection agent, colonies differing from their neighbours in colour and those in the control plate (no toxin) were distinguished (Fig. 5) . The respective blue (corresponding to increased sensitivity to Kz toxin) and white (increased resistance) colonies were verified by the "killer" assay (Fig. 5D ). We believe that the possibility to alternate harsh and mild test conditions could also be used for screening of the yeast essential gene libraries (e. g., yTHC, DAmP, Ts/Cs). Thirdly, the introduction of several independent testing methods (identification of resistant and hypersensitive strains by the use of the pinning robot and verification of the phenotype by applying the "killer" assay) instead of repeating the same experiment significantly increases the reliability of genome-wide screening. Even if the pinning robot is not available, the screening scheme could be used with affordable manual pinning tools.
CONCLUSIONS
In this work we developed a new method to screen the yeast gene deletion library for factors affecting toxin susceptibility and demonstrated its advantages. We showed that the majority of mutants could be selected using only the pinning robot (the "survival" assay). In addition, this method allows identification of mutants not detected by the traditional "killer" assay. Those factors could be "missing" links in the pathways of toxin-induced cellular responses that are currently under investigation.
